The effect of the gas-dynamic (cold) spraying of the Cu-Al 2 O 3 -Zn powder mixture on the microstructure and strength of the copper substrate is investigated. A copper cold drawn contact wire was used as a substrate. We propose using gas-dynamic cold spraying to restore the local wear of the contact wire. The study of the microstructure using the electron backscattered diffraction (EBSD) method showed the presence of grain orientation characteristics of the cold drawing of copper. Recrystallization of the surface layers of the contact wire during spraying does not occur. Using the microhardness measurement, the absence of softening of the layers of the contact wire with a depth of up to 2 mm is shown. The results of mechanical tests show that spraying does not lead to a decrease in the tensile strength of the contact wire. The results of creep tests show that spraying does not lead to a decrease in the heat resistance of the contact wire.
Introduction
The contact wire of an electrified railway is manufactured by means of cold drawing with the reduction ratio of approximately 60%. According to IEC 62917:2016, tensile strength of a contact wire with a cross-section of 120 mm 2 , is at least 360 MPa (breaking load is 41.9 kN). The copper contact wire is operated under the following conditions. Tensile stress of the copper contact wire varies from 100 to 120 MPa during operation. Operation temperature of the contact wire is approximately 100 • C. Therefore, the wire strength plays an important role during its operation. It must not decrease in the process of operation and repairing, including the restoration of local wear of a contact wire.
Increased wear of the contact wire during operation occurs in locations where its displacement is limited. This type of contact wire wear is called local wear. The local wear limit is achieved several times faster than that which is achieved over the rest of the length of the contact wire. The length of the local wear section is up to 0.5 m. There are 1 or 2 of these worn sections on single contact wire (length about 1.5 km). In worn sections, the contact wire loses up to 20% of the cross-sectional area. Accordingly, the contact wire loses up to 20% of the breaking load in worn areas. Therefore, the main requirement for the technology for restoring local wear is that the contact wire does not reduce strength, and that the layers of the contact wire adjacent to the spraying area do not recrystallize. Due to the local wear with a length of up to 0.5 m, a contact wire that is 1.5 km long is replaced with a new contact wire, especially on high-speed railways [1] [2] [3] [4] [5] [6] [7] . To repair the local wear of contact wires, it is necessary to apply a layer with a thickness of approximately 2 mm and a width of approximately 10 mm on the strained Cu contact wire at a length of approximately 500 mm. The application time of a layer must not exceed 1 h. The limiting requirement for the contact wire recovery technology is the absence of softening of the contact wire and recrystallization of its surface layers after spraying. Repairing of the local wear should not result in a decrease of tensile strength below 360 MPa for a contact wire with the cross-section of 120 mm 2 .
As a result, the technology of gas dynamic (cold) spraying was proposed in [8] for in situ repair of local wear in contact wires. A vast number of research works, for example, have been devoted to application and study of the gas dynamic (cold) spraying technology [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The research works cover numerous theoretic and experimental problems associated with gas dynamic cold spraying. There are a significant number of studies on the deposition of copper particles, for example [23] [24] [25] [26] . Many research works are associated with spraying on steel, titanium and aluminum and other metallic substrates. There is a lack of work associated with spraying on a copper substrate, in particular, on copper contact wires. Basically, the research works are devoted to the structure of a sprayed layer, calculation of temperature fields, calculation of velocities of particles sprayed and mechanics of the interactions. The papers devoted to the gas dynamic (cold) spraying method do not pay sufficient attention to the impact of the spraying process on possible changes in substrate structure and properties. When choosing a technology for restoring local wear of contact wires, the effect of the deposition process on the properties of the contact wire (substrate) is decisive. The process of restoring local wear (cold gas-dynamic spraying) should not lead to a loss of contact wire strength. The temperature of the air, which is a carrier gas, vary from 400 to 500 • C. The temperature ensures the maximum strength of the layer/substrate adhesion. The temperature of copper recrystallization commencement is 150-250 • C, depending on the copper purity [27] . The temperature of the stream that processes the contact wire is higher than the temperature of copper recrystallization. Therefore, there is the possibility of recrystallization and a decrease in the tensile strength of the contact wire.
Overheating of the contact wires is the main reason for their breakage in operation. Overheating leads to partial or complete recrystallization of the contact wire section. Recrystallization leads to a decrease in the tensile strength of the contact wire. Under the action of operational tensile load and temperature, the recrystallized section of the contact wire quickly breaks due to creep.
Recrystallization during gas-dynamic spraying was considered from the point of view of the formation of a metallurgical bond of particles with the substrate [28] [29] [30] [31] [32] . In this case, the recrystallization of the sprayed particles and not the substrate was studied. Consequently, this paper investigates the impact of gas dynamic (cold) spraying, with the purpose of restoration the worn contact wire, on the contact wire strength and recrystallization of the copper subsurface layers.
Materials and Methods
The following materials were used for this research work. The Cu-OF copper contact wire with the cross-section of 120 mm 2 (IEC 62917 'Railway applications-Fixed installations-Electric traction-Copper and copper alloy grooved contact wires') was used as the substrate. Hardness of the contact wire was 115-125 HB. For deposition, the Cu-50% Al 2 O 3 (corundum), Cu-60% Al 2 O 3 , Cu-50% Al 2 O 3 -5% Zn, Cu-50% Al 2 O 3 -10% Zn powder mixtures were used. The powder mixture was applied to the substrate in an air stream. The flow rate was about 90% of the speed of sound. The air temperature in the stream was 500 • C. The duration of interaction of the heated stream with the contact wire was: for the mixture Cu-50% Al 2 O 3 -10 min, for the mixture Cu-60% Al 2 O 3 -13 min, for the mixture Cu-50% Al 2 O 3 -5% Zn-6 min, for the mixture Cu-50% Al 2 O 3 -10% Zn-4 min. The average particle size of the powders of Cu and Zn is 60 microns. The average particle size of the powder Al 2 O 3 (corundum) is 40 microns. Purity of powder materials is 99.5%. Powders were made by Joint-Stock Company DIMET, Obninsk city Kaluga region, Russia.
The samples of the repaired contact wire were cut transversely to and along the axis of the wire into wafers by means of electro-sparking, then grinded and subjected to mechanical and electrochemical polishing for examinations using optical and electron microscopes.
Typical sample image is shown in Figure 1 . The orange area is the copper wire body, and it is apparent that the wire top is flat, i.e., the wire was worn.
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On Figure 10 , the distribution of orientation for crystallographic planes of copper grains near the boundary with the layer is mapped.
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Examinations of the copper structure of the contact wire after spraying show that recrystallization does not occur and that the drawing texture is retained.
Softening of subsurface layers of the contact wire due to spraying has been verified by means of micro-hardness measurement. Dependence of microhardness of copper of the contact wire on the distance from the border with the sprayed layer is shown in Figure 13 . Measurement of the contact wire microhardness on the distance of 2 mm from the layer boundary has shown that recrystallization does not occur, since the microhardness value does not depend on the distance from the layer border and substrate. With recrystallization of the subsurface layers, the micro-hardness value must increase with the increasing distance from the boundary with the layer. The pole figures in Figures 11 and 12 show the typical texture of drawing or rolling with all-sided reduction. For example, it follows from the images of the inverse pole figures that the Z-axis (the direction parallel to the wire axis) coincides with direction {111}. This is typical for the texture of copper drawing.
Softening of subsurface layers of the contact wire due to spraying has been verified by means of micro-hardness measurement. Dependence of microhardness of copper of the contact wire on the distance from the border with the sprayed layer is shown in Figure 13 . Measurement of the contact wire microhardness on the distance of 2 mm from the layer boundary has shown that recrystallization does not occur, since the microhardness value does not depend on the distance from the layer border and substrate. With recrystallization of the subsurface layers, the micro-hardness value must increase with the increasing distance from the boundary with the layer.
The contact wire strength retention was directly verified by means of the mechanical tensile test. The strength values of the contact wire before and after spraying were compared. The ultimate tensile strength values of the repaired and unrepaired contact wire samples are shown in Table 1 . The contact wire strength retention was directly verified by means of the mechanical tensile test. The strength values of the contact wire before and after spraying were compared. The ultimate tensile strength values of the repaired and unrepaired contact wire samples are shown in Table 1 . As it shown in Table 1 , the difference in the strength values is less than 1%, while the relative elongation of the repaired samples did not increase. Therefore, the strength values of the contact wire samples before spraying and after spraying do not actually differ from each other, and the relative elongation did not increase after spraying.
The elongation values of the repaired and unrepaired contact wire samples after the creep test are shown in Table 2 . The test results have proven that repair of worn contact wires does not result in their softening.
Coatings have practically no ductility, so they were destroyed before the plastic deformation of the contact wire. Therefore, the coatings did not affect the mechanical properties of the contact wire. The spraying process did not lead to recrystallization and softening of the contact wire, so it did not affect the mechanical properties of the contact wires. As it shown in Table 1 , the difference in the strength values is less than 1%, while the relative elongation of the repaired samples did not increase. Therefore, the strength values of the contact wire samples before spraying and after spraying do not actually differ from each other, and the relative elongation did not increase after spraying.
Conclusions
The elongation values of the repaired and unrepaired contact wire samples after the creep test are shown in Table 2 . The test results have proven that repair of worn contact wires does not result in their softening. Coatings have practically no ductility, so they were destroyed before the plastic deformation of the contact wire. Therefore, the coatings did not affect the mechanical properties of the contact wire. The spraying process did not lead to recrystallization and softening of the contact wire, so it did not affect the mechanical properties of the contact wires.
Using the EBSD method (determining the misorientation of grains of a copper contact wire and constructing direct and inverse pole figures) and using the microhardness measurement, the absence of recrystallization in the contact wire zone near the sprayed layer has been shown.
Using mechanical tests, it was shown that spraying does not lead to a decrease in the tensile strength of the contact wire.
Using tests for low temperature creep, it was shown that sputtering does not lead to a decrease in the operational durability of the contact wire under severe operating conditions. Application of the 2 mm thick layer on the surface of the copper contact wire by means of gas dynamic (cold) spraying at the air temperature of 500 • C does not result in recrystallization of the subsurface copper layers and loss of strength and high-temperature strength of the contact wire.
